uring transcription of protein-coding genes, RNA polymerase II (Pol II) associates with many factors, including elongation factors, RNA-processing factors, and chromatin-modifying enzymes (42, 66, 80) . Many of these factors are recruited by binding to the C-terminal repeat domain (CTD), a tail-like extension of the largest Pol II subunit that is highly phosphorylated during elongation (10, 18, 54) . Some elongation factors, including TFIIS (34) and Spt5 (36, 51), also bind the body of Pol II.
D
uring transcription of protein-coding genes, RNA polymerase II (Pol II) associates with many factors, including elongation factors, RNA-processing factors, and chromatin-modifying enzymes (42, 66, 80) . Many of these factors are recruited by binding to the C-terminal repeat domain (CTD), a tail-like extension of the largest Pol II subunit that is highly phosphorylated during elongation (10, 18, 54) . Some elongation factors, including TFIIS (34) and Spt5 (36, 51) , also bind the body of Pol II.
The gene encoding Spt5 was identified in Saccharomyces cerevisiae as a suppressor of transposon insertion in the promoter region of the HIS4 gene (86) . Spt5 is an essential nuclear protein (77) and binds Spt4 (24) . Spt5 associates with Pol II in vivo, and mutations lead to a slow-growth phenotype in the presence of the nucleotidedepleting drug 6-azauracil (6-AU), arguing for a role for Spt5 in transcription elongation (24) . The human homolog of yeast Spt4/5 affects Pol II elongation (83) . Chromatin immunoprecipitation (ChIP) revealed that Spt5 colocalizes with Pol II throughout the transcribed region and past the polyadenylation (pA) site (35, 52, 68, 81) . Spt4/5 is present on all transcribed yeast genes and is a general component of the elongation complex (52, 81) . Spt4/5 also associates with Pol I (82) and Pol I genes (74) .
Spt5 is the only known Pol II-associated factor that is conserved in all three kingdoms of life (85) . The bacterial Spt5 homolog NusG and archaeal Spt5 consist of an N-terminal (NGN) domain and a flexibly linked C-terminal Kyrpides-Ouzounis-Woese (KOW) domain (38, 59) . The structures of archaeal Spt4/5 bound to RNA polymerase or its clamp domain are known (36, 51) . These structures indicate that the NGN domain closes the active center cleft to lock nucleic acids and render the elongation complex stable and processive (26, 36, 51) . Eukaryotic Spt5 possesses additional regions and domains. Yeast Spt5 consists of an acidic N-terminal region, followed by an NGN domain, five KOW domains, and a repetitive C-terminal region (CTR) (69, 77, 89) .
Spt5 has recently emerged as a platform that recruits factors to elongating Pol II. Spt5 copurifies with over 90 yeast proteins that are involved in transcription elongation, RNA processing, transcription termination, and mRNA export (44) . Spt4/5 interacts with the histone chaperone Spt6 to modulate chromatin structure (24, 78) . Spt5 colocalizes with Spt6 and Pol II at transcriptionally active loci on Drosophila melanogaster polytene chromosomes (5, 31) . Spt5 interacts with the capping enzyme (65, 84) and recruits the Paf1 complex (45, 89) . Mammalian Spt5 recruits the activationinduced cytidine deaminase to DNA during antibody gene diversification (64) . Yeast Spt4/5 recruits She2 to nascent RNA, coupling mRNA localization with Pol II transcription (76) .
Recruitment of factors can be mediated by the CTR of Spt5 (75, 87, 89) . The yeast CTR recruits the Paf1 complex (45, 89) , and the fission yeast CTR binds the capping enzyme (65) . Recently, ChIP with microarray technology (ChIP-chip) analysis implicated the CTR in recruiting the histone deacetylase subunit Rco1 (17) . The CTR forms a repeat structure similar to the Pol II CTD (77) . The S. cerevisiae CTR consists of 15 hexapeptide repeats of the consensus sequence S[T/A]WGG[A/Q], (positions where alternative amino acids can occur between different repeats are indicated by brackets, and varying amino acids are indicated by slashes), whereas the human CTR consists of pentapeptide repeats with the consensus sequence GS[R/Q]TP (87) and the fission yeast CTR consists of nonapeptide repeats with the consensus sequence TPAWNSGSK (65) .
Deletion of the Spt5 CTR in yeast is not lethal (16, 45, 89 ) but leads to sensitivity to 6-AU and a slow-growth phenotype at 16°C (45, 89) . The CTR deletion is synthetically lethal with the deletion of the gene for the Pol II CTD kinase Ctk1 (45) . Deletion of the CTR in fission yeast leads to a slow-growth phenotype and abnormal cell morphology (75) . The slow-growth phenotype is intensified if the Pol II CTD is truncated (75) , suggesting that the CTR cooperates with the CTD. Deletion of the CTR impairs embryo-genesis in zebrafish and leads to a derepression of gene transcription in zebrafish and human cells (12) .
Similar to the Pol II CTD, the CTR of Spt5 can be phosphorylated by the kinases Bur1 and P-TEFb in yeast and humans, respectively (45, 87, 89) . CTR phosphorylation promotes transcription elongation in yeast and is important for the cotranscriptional recruitment of the Paf1 complex and for histone modification (45, 89) . In human cells, CTR phosphorylation by P-TEFb converts Spt5 from a negative to a positive elongation factor (87) . The Spt5 CTR may also play a role in the suppression of transcriptioncoupled nucleotide excision repair in yeast (16) .
Spt5 is also involved in RNA 3= processing and transcription termination. Processing of mRNA 3= ends occurs in two steps, endonucleolytic cleavage and the addition of a poly(A) tail (8) . In yeast, cleavage and polyadenylation are performed by the complexes cleavage factor I (CFI) and cleavage/polyadenylation factor (CPF) (49) . CFI can be separated into CFIA and CFIB (23, 33) . CFIA consists of Clp1, Rna14, Rna15, and Pcf11 (4, 57, 58) , whereas CFIB consists of Hrp1 (23, 32, 56) . Whereas all CFIA subunits have homologs in mammalian cells, no homologs of CFIB are currently known in higher eukaryotes (49) .
Here we show that the Spt5 CTR is required for normal recruitment of CFI to the 3= ends of yeast genes in vivo and interacts with CFI in vitro. High-resolution genome-wide occupancy profiling of CFI subunits reveals peak occupancy levels about 100 nucleotides (nt) downstream of the pA site. Our results indicate that the Spt5 CTR cooperates with nascent RNA and the serine 2 (S2)-phosphorylated form of the Pol II CTD to recruit CFI to the 3= ends of genes.
MATERIALS AND METHODS
Yeast strains and phenotyping. S. cerevisiae strains containing C-terminally tandem affinity purification (TAP)-tagged versions of target proteins (TAP strains are from Open Biosystems) were used and validated as described earlier (52) . The TAP strains were used for deletion of the 15 C-terminal hexapeptide repeats, amino acids 931 to 1063, of Spt5 (89) by homologous recombination with the KanMX6 cassette, amplified from the pFA6a-KanMX6 vector. Table 1 lists all strains used in this study. For growth curve measurements, liquid overnight cultures of wild-type yeast and the strain lacking the Spt5 CTR (residues 931 to 1063; Spt5 ⌬CTR) were diluted with yeast extract-peptone-dextrose (YPD) to a starting optical density at 600 nm (OD 600 ) of 0.1. Yeast cells were grown for 18 h, and the OD 600 was determined every 90 min. Biological triplicate measurements were performed. Growth of wild-type and Spt5 ⌬CTR strains was also tested on YPD plates at different temperatures. Cells were grown in YPD at 30°C to stationary phase and diluted to an OD 600 of ϳ1.0 with fresh medium. Equal amounts of cells were spotted on YPD plates in Cell pellets were flash frozen in liquid nitrogen and stored at Ϫ80°C. Pellets were thawed, resuspended in 1 ml of FA lysis buffer, and disrupted by bead beating (Retsch) in the presence of 1 ml of silica-zirconium beads for 30 min at 4°C. Lysis efficiency was typically Ͼ80%. Chromatin was solubilized and fragmented via sonication with a Bioruptor UCD-200 instrument (Diagenode, Inc.). Seven hundred microliters of the sample was immunoprecipitated with 20 l of IgG-Sepharose 6 Fast Flow beads (GE Healthcare) at 4°C for 1 h. The IgG beads were directed against the protein A content of the C-terminal TAP tag. Immunoprecipitated chromatin was washed three times with FA lysis buffer, twice with FA lysis buffer containing 500 mM mM NaCl, twice with ChIP wash buffer (10 mM Tris-HCl [pH 8.0], 0.25 M LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate), and once with TE buffer (10 mM Tris-HCl [pH 7.4], 1 mM EDTA). Immunoprecipitated chromatin was eluted for 10 min at 65°C with ChIP elution buffer (50 mM Tris-HCl [pH 7.5], 10 mM EDTA, 1% SDS). Eluted chromatin was digested with proteinase K (Sigma) at 37°C for 2 h, and the reversal of cross-links was performed at 65°C overnight. DNA was purified with a QIAquick PCR purification kit (Qiagen) according to the manufacturer's instructions. An RNase-ChIP assay was performed as described previously (1) . Briefly, the following adaptations to the ChIP protocol were made. First, the cross-linking time was reduced to 5 min. Second, the chromatin solution was divided into two samples before the immunoprecipitation (IP) step. One chromatin sample was treated with 7.5 U of RNase A and 300 U of RNase T1 (Ambion); the other sample was treated with the same volume of the RNase storage buffer (10 mM HEPES [pH 7.5], 20 mM NaCl, 0.1% Triton X-100, 1 mM EDTA, 50% glycerol [vol/vol]). After a 30-min incubation at room temperature, IP was performed as above.
ChIP-chip occupancy profiling. ChIP-chip experiments were performed and analyzed as described previously (52) . Briefly, ChIP-chip data for TAP-tagged factors were normalized using both mock immunoprecipitation and input measurements. The normalized signal was converted to occupancy values between 0% and 100% by setting the genome-wide 99.8% quantile to 100% occupancy and the 10% quantile to 0% occupancy. For the Rpb3 profiles in the wild-type and Spt5 ⌬CTR backgrounds, ChIP enrichments were obtained by dividing ChIP intensities by the genomic input intensities. The normalized occupancy or enrichment signal at each nucleotide was calculated as the median signal for all probes overlapping this position. Profiles were smoothed using running median smoothing with a window half size of 75 bp. To average profiles over genes, we filtered yeast genes. Of 4,366 yeast genes with annotated transcriptional start sites (TSS) and pA sites (61), the 50% most highly expressed genes (14) that were at least 200 nt away from neighboring genes (all-gene set, 1,140 genes) were examined. Three open reading frame (ORF)-length classes were defined, short (S; 512 to 937 bp), medium (M; 938 to 1,537 bp), and long (L; 1,538 to 2,895 bp), comprising 266, 339, and 299 filtered genes, respectively. Profiles within these groups were scaled to median gene length, and the gene-averaged profiles were calculated by taking the median over genes at each genomic position.
Quantitative real-time PCR. Input and immunoprecipitated samples were assayed by quantitative real-time PCR (qPCR) to assess the extent of protein occupancy at different genomic regions. Primer pairs directed against the transcriptional start site, coding, pA, and 3= regions of the ADH1, ILV5, PDC1, and TEF1 genes as well as against a heterochromatic control region of chromosome V were used to determine PCR efficiencies. All PCR efficiencies ranged between 95% and 100%. The PCR mixtures contained 1 l of DNA template, 2 l of 10 M primer pairs, and 12.5 l of iTaq SYBR green supermix (Bio-Rad). qPCR was performed on a BioRad CFX96 real-time system (Bio-Rad Laboratories, Inc.) using a 3-min denaturing step at 95°C, followed by 49 cycles of 30 s at 95°C, 30 s at 61°C, and 15 s at 72°C. Threshold cycle (C T ) values were determined by application of the corresponding Bio-Rad CFX Manager software, version 1.1, using the C T determination mode "Regression." The fold enrichment of any given region over an ORF-free heterochromatic region on chromosome V was determined as described previously (19) . The RNase ChIP data for Rna14 (data not shown) and Rna15 were further analyzed as follows. The calculated fold enrichment values of the gene region for the different biological replicates were averaged. The fold enrichment values of chromatin samples that were not treated with the RNase mix were averaged and set to 100%. Sequence information for the primer pairs used in this study is available upon request.
Rapid amplification of cDNA 3= ends. For RNA isolation, overnight yeast cultures grown from four different wild-type and Spt5 ⌬CTR colonies were diluted in 20 ml of fresh YPD medium to an OD 600 of ϳ0.1 and grown at 30°C to mid-log phase (OD 600 , ϳ0.8). A RiboPure yeast kit (Applied Biosystems) was used to isolate yeast RNA according to the manufacturer's instructions. Rapid amplification of cDNA 3= ends (3=-RACE) was performed for the ACT1 gene as described previously (20) . This gene was shown to possess several alternative pA sites and was used in 3=-end-processing studies (3, 48) . The ACT1 cDNA was synthesized as described previously (3) using SuperScript II reverse transcriptase (Invitrogen), 0.5 M anchored oligo(dT) primer containing an XhoI restriction site, underlined in the sequence 5=-GACTCGAGTCGACATCGATTTTT TTTTTTTTTTTT-3=, and 2 g of RNA template. Next, RNA was digested using RNase H (New England BioLabs, Inc.) for 20 min at 37°C. The enzyme was inactivated by incubation at 65°C for 20 min. PCRs were conducted using the cDNA samples, 0.25 M gene-specific upstream primer containing an EcoRI restriction site (underlined in the sequence 5=-TATGAATTCTTCTGTTTTGGGTTTGGA-3=), an anchored primer (5=-GACTCGAGTCGACATCGA-3=; an XhoI restriction site is underlined), and Taq DNA polymerase (Fermentas; Thermo Fisher Scientific). The PCR product and the pET28b vector were digested with EcoRI-HF as well as XhoI (New England BioLabs, Inc.) and then ligated and transformed into competent Escherichia coli XL1-Blue cells (Stratagene; Agilent Technologies). Plasmids from 22 E. coli colonies derived from wildtype and 24 colonies derived from Spt5 ⌬CTR clones, respectively, were sequenced (GATC Biotech) using pET28b sequencing primers (forward, 5=-TAATACGACTCACTATAGGG-3=; reverse, 5=-GGGTTATGCTAGT TATTGC-3=).
Pol II readthrough assay. The readthrough was performed for the PMA1 gene according to the method of Ahn et al. (3) using a gene-specific forward primer (5=-CTATTATTGATGCTTTGAAGACCTCCAG-3=) and two reverse primers positioned at different regions downstream of the transcription termination site (first primer, 5=-CAAGAAAGAAAAAGTA CCATCCAGAG-3=; second primer, 5=-GTAAATTTGTATACGTTCATG TAAGTG-3=). RNA isolation, reverse transcription, and PCR were conducted as described above, and the PCR products for the wild type and Spt5 ⌬CTR mutant were compared by standard agarose gel electrophoresis. Preparation of RNA from the rna14-1 temperature-sensitive mutant was performed as described before but with the following modifications. Yeast cultures were either grown at 24°C to mid-log phase before RNA isolation (see Fig. 6B , rna14-1 24°C) or grown to an OD 600 of ϳ0.8 at 24°C and then transferred to 37°C (restrictive temperature) for 1 h (see Fig. 6B , rna14-1 37°C) before RNA was prepared.
GST pulldown assay. To prepare yeast cell lysates, we performed cell lysis as for ChIP experiments but with the following modifications: (i) cell cultures were grown in 200 ml of YPD medium at 30°C but not crosslinked with formaldehyde, and (ii) cell debris was removed by centrifugation. A synthetic DNA construct of the glutathione S-transferase (GST) tag based on the pGEX3T vector fused to the DNA sequence coding for Spt5 CTR residues 931 to 1063 (89) was synthesized (Mr. Gene GmbH; sequence available upon request) and cloned into vector pET28b. Expression of the GST-Spt5CTR fusion construct (pET28b) and the GST tag alone (pGEX-4T-1) in E. coli was induced with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at 18°C overnight in 1-liter cultures. Cells were lysed by sonification in 50 ml of lysis buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 1 mM dithiothreitol [DTT], and protease inhibitors; see ChIP protocol) for 15 min (Branson 250 sonifier instrument). The cell debris was removed by centrifugation. For pulldown experiments, E. coli cell lysates were incubated with 100 l of glutathione-Sepharose beads (GE Healthcare) preequilibrated in lysis buffer for 1 h at 4°C. Beads were washed eight times with lysis buffer and incubated for 1 h at room temperature with 300 l of yeast cell lysate prepared from yeast strains that express TAP-tagged versions of CFI subunits. Next, beads were washed eight times with lysis buffer and proteins were eluted from the beads eight times with lysis buffer containing 10 mM glutathione. All elution fractions were pooled, and the protein was precipitated with 10% trichloroacetic acid (TCA). The protein pellet was washed with ice-cold acetone and resuspended in 2ϫ SDS-PAGE loading buffer (5% glycerol, 25 mM Tris [pH 7.0], 0.05% bromophenol blue, 0.5% ␤-mercaptoethanol, 7% DTT, 0.05% lauryl sulfate). Wash and elution fractions were analyzed by SDS-PAGE and Western blotting with antibodies against the TAP tag of CFI subunits (peroxidase antiperoxidase [PAP]; catalog no. P1291; SigmaAldrich) and the GST tag (RPN1236; GE Healthcare).
Western blot analysis. For TAP strain validation, total protein samples were generated directly from single colonies according to the method of Knop et al. (37) with minor modifications. After SDS-PAGE, samples were blotted onto a polyvinylidene difluoride (PVDF) membrane (Roth) and the membrane was probed with the primary antibody against the TAP tag (PAP; catalog no. P1291; Sigma-Aldrich). Antibody detection was performed using Pierce enhanced chemiluminescence (ECL) Western blotting substrate (Thermo Scientific) and Amersham Hyperfilm ECL (GE Healthcare). Quantification of the Spt5 protein levels in wild-type and Spt5 ⌬CTR cells was performed using one time and two times the amounts of total protein samples from the wild type and Spt5 ⌬CTR mutant to ensure the linearity of the antibody signal quantification. Signals were quantified using an antibody against the N terminus of Spt5 (yN-20; catalog no. sc-26355; Santa Cruz) and the ␣-tubulin antibody (3H3087; catalog no. sc-69971; Santa Cruz). The antibody signal was detected quantitatively using Pierce ECL Western blotting substrate and a LAS-3000 camera (Fujifilm). Spt5 protein signals were quantified relative to the ␣-tubulin signals using ImageQuant 5.0 software (GE Healthcare). For evaluation of the GST pulldown experiments, the membrane was probed with the PAP antibody against the TAP tag of Rna14 (PAP; catalog no. P1291; Sigma-Aldrich) and the GST antibody (RPN1236; GE Healthcare).
Microarray data accession number. Raw and normalized data are available at Array Express under accession number E-TABM-1225.
RESULTS

Investigation of elongation factor recruitment by Spt5 CTR.
To investigate whether the function of the yeast Spt5 CTR in recruiting Pol II-associated factors extends to elongation factors other than Paf1 (45, 89), we carried out ChIP analysis in strains lacking the Spt5 CTR. We generated a yeast strain with a CTR deletion (see Materials and Methods). As reported previously, CTR deletion led to sensitivity to 6-AU and a slow-growth phenotype at 16°C (Fig.  1A) (45, 89) . We also observed a slight growth defect at 30°C (Fig.  1B) , but not at 37°C (data not shown). In contrast to observations of S. pombe (75) , the morphology of S. cerevisiae was not altered upon CTR deletion (data not shown). Quantitative Western blot analysis revealed approximately 1.7-fold-higher Spt5 protein levels in cells lacking the CTR (Fig. 1C) .
For ChIP analysis, we fused a TAP tag to the C terminus of elongation factors in the CTR deletion background. The occupancy levels of the elongation factors were determined by ChIP at different positions of genes ADH1, ILV5, PDC1, and TEF1. We chose these genes for several reasons. First, these genes encode housekeeping proteins, are highly expressed (14) , and are heavily occupied by Pol II in the mid-log phase of yeast growth (52) . Second, their DNA elements, including the TSS and the pA site, are well characterized (13, 35, 61) . Third, the transcription unit is long enough to distinguish between different binding levels at distinct positions of the gene.
We performed ChIP analyses for eight Pol II elongation factors that belong to the three different groups described recently (52): (i) Spt4 and Spt6 (group 1), (ii) Elf1 and Spn1 (group 2), and (iii) Bur1, Ctk1, Paf1, and Spt16 (group 3). The results are shown only for Paf1 (Fig. 2C ). These data revealed strong factor binding at the ADH1 gene. A severe decrease in Paf1 occupancy to about 20% was detected at the ADH1 gene (Fig. 2C) , consistent with previous reports (45, 89) and providing a positive control. The difference in Paf1 occupancy was not due to a difference in Pol II occupancy, which was unaffected by CTR deletion (Fig. 2C) . However, the other representative elongation factors tested did not show significant differences in their gene occupancies (data not shown), indicating that CTR deletions specifically reduce the gene occupancy of Paf1. Spt5 CTR is required for recruitment of CFI in vivo. Since Spt5 colocalizes with 3=-end-processing factors (35, 52, 81) and FIG 2 ChIP analysis reveals that CFI occupancy is reduced in Spt5 ⌬CTR cells. This is true for CFIA subunits (A), except for Pcf11, as well as for CFIB/Hrp1 (B).
(C) Whereas Paf1 occupancy, as determined by ChIP, is strongly reduced in Spt5 ⌬CTR cells, Pol II levels are not affected. (D) Pap1 occupancy is not changed in Spt5 ⌬CTR cells. The fold enrichments at the ADH1 gene over a nontranscribed region that is located near the centromere of chromosome V are given for the TSS, the ORF region, the pA site, and the region 3= of the pA site. ChIP-determined occupancies are indicated for wild-type and Spt5 ⌬CTR cells as black and gray bars, respectively. The standard deviations are for at least two independent ChIP experiments. copurifies with these factors (44), we tested whether it plays a role in the recruitment of 3=-end-processing and transcription termination factors. ChIP analysis revealed that all CFIA subunits, Clp1, Pcf11, Rna14, and Rna15, showed high occupancy at the 3= ends of protein-coding genes and the pA sites ( Fig. 2A) . In Spt5 ⌬CTR cells, occupancy of Clp1, Rna14, and Rna15 was reduced more than 50% at the ADH1 gene and was also markedly lower at other tested genes (data not shown). However, we observed no difference between wild-type yeast and Spt5 ⌬CTR cells in the occupancy of Pcf11 (Fig. 2A) .
Since CFIA is associated with CFIB/Hrp1, we investigated whether Hrp1 occupancy was affected by CTR deletion. Previous ChIP analyses have shown that Hrp1 cross-links throughout the coding regions to the 3= ends of genes (35, 39) . Our ChIP analysis revealed that Hrp1 shows the strongest level of occupancy near the pA site, although it is recruited earlier than CFIA subunits (Fig.  2B) . Similar to the occupancy of CFIA subunits, Hrp1 binding was markedly reduced in Spt5 ⌬CTR cells (Fig. 2B) . However, no occupancy difference could be observed for the poly(A) polymerase Pap1 (Fig. 2D) , which is also required for 3= end processing (49, 55) . Taken together, these findings show that the Spt5 CTR plays a crucial role in the recruitment of CFI, but not of Pap1, to the 3= ends of protein-coding genes.
Spt5 CTR interacts with CFI in vitro. Since CFI recruitment to genes was impaired upon CTR deletion, we asked whether the Spt5 CTR interacts with CFI in vitro. We performed pulldown experiments with a recombinantly expressed GST-tagged version of the Spt5 CTR and yeast cell lysates prepared from strains that expressed TAP-tagged versions of CFI subunits. Western blot analysis of the eluates with antibodies directed against the GST tag and the TAP tag of each CFI subunit revealed coprecipitation of the GST-tagged Spt5 CTR and the CFI subunits Rna14, Rna15, and Hrp1, but there was no interaction with GST alone (Fig. 3) . Coprecipitation could not be detected for Pcf11 (data not shown), in agreement with the ChIP data that showed that Pcf11 occupancy is not altered in Spt5 ⌬CTR cells (Fig. 2A) . For Clp1, the input signal in the Western blot analysis was much lower than those for other CFI subunits, such that a possible interaction between the Spt5 CTR and Clp1 cannot be ruled out. Taken together, these pulldown experiments revealed a previously unobserved interaction between the Spt5 CTR and CFI in vitro. Since the interaction was detected with the use of a lysate that naturally contains many nonspecific competitor proteins, and since it was not observed with the GST tag alone, it must be regarded as being highly specific. It is possible, however, that the interaction is mediated by other proteins in the extract and is thus indirect.
RNA contributes to CFI recruitment. Since deletion of the Spt5 CTR led to a marked reduction in the occupancy of CFI subunits, but not to a complete loss, we asked which factors contribute to the residual binding of CFI. Since Rna15 and Hrp1 contain RNA recognition motifs that are known to bind RNA sequences in vitro (33, 41, 63, 67) , we reasoned that nascent RNA may contribute to CFI recruitment. To address this, we performed an RNase-ChIP assay (1) . In this assay, RNA is digested before the immunoprecipitation step, leading to a drop in factor occupancy if factor recruitment involves RNA.
We performed RNase-ChIP for Rna15 (Fig. 4) and Rna14 (data not shown). First, we observed a decrease in Rna15 occupancy after RNase treatment, indicating an important role of RNA in Rna15 recruitment, both in wild-type and Spt5 ⌬CTR cells. Second, Rna15 binding most strongly depended on RNA around the pA site of the ADH1 gene. Third, the strongest reduction in Rna15 occupancy was observed when both the Spt5 CTR was deleted and the RNA was removed by RNase treatment. The additional decrease in the Rna15 occupancy level was highly reproducible and could be observed in all four independent biological replicates. A similar RNA dependence could be observed for Rna14 (data not shown). These results indicate that RNA contributes to CFI recruitment in vivo and that this can explain the residual recruitment of CFI in cells lacking the Spt5 CTR.
CFI colocalizes with the S2-phosphorylated CTD downstream of the pA site. It has been shown for mammalian cells that homologs of the yeast CFI complex are already recruited at the promoter regions of genes (22, 79) . One study in yeast showed that some RNA 3=-end-processing factors, including Rna14 and Rna15, also cross-linked to the promoter and the early coding region of the PMA1 gene, but not to other genes tested (35) . However, our ChIP analysis (Fig. 2) and published data for yeast (35, 43) suggest that CFI subunits cross-linked near the pA site at the 3= ends of genes.
To investigate the preferred location of CFI subunits on a genome-wide level, we performed ChIP-chip analysis for Rna14 and Rna15. This revealed CFI recruitment at all protein-coding genes that are occupied by Pol II and its elongation factors (52) . The ChIP-chip profiles showed sharp occupancy peaks for Rna14 and Rna15 105 nt and 108 nt downstream of the pA site, respectively (Fig. 5A) . We also detected weak Rna14 and Rna15 binding over the transcribed region, with an increase toward the 3= end. These profiles were independent of gene length (Fig. 4A and data not shown). Comparison with previous profiles (Fig. 5A ) (52) revealed that the peak occupancies of Rna14 and Rna15 coincided with Pcf11 occupancy, which peaked 52 nt downstream of the pA site (Fig. 5A) . Further, CFI subunit peak occupancies occurred in a region where the occupancies for Spt5 and the S2-phosphorylated Pol II were high (Fig. 5B) . The sharp occupancy drop-off of CFI subunits coincided with the drop-off for the ChIP signal of the S2-phosphorylated CTD, consistent with its role in CFI recruitment.
CTR deletion does not impair termination. Previous studies showed that mutations in Pcf11, Rna14, and Rna15 can lead to defects in transcript cleavage and readthrough transcription beyond the termination site (6, 9, 71) . Therefore, we investigated whether the reduced level of CFI recruitment observed in Spt5 ⌬CTR cells leads to Pol II readthrough transcription at the ACT1, PMA1, and RNA14 genes. To detect transcriptional readthrough, we chose a PCR-based method with a gene-specific forward primer and different reverse primers positioned downstream of the normal transcript termination site, as described previously (3) (Fig. 6A) . In this assay, a prolonged transcript resulting from readthrough transcription would be detected by the generation of PCR products with a reverse primer that is located downstream of the termination site. As shown in Fig. 6B , transcriptional readthrough could be detected when the function of Rna14 was impaired with the use of a temperature-sensitive yeast strain serving as a positive control for this assay. However, no differences in the PCR products, and thus the length of the PMA1 transcripts, were observed between wild-type and ⌬CTR cells (Fig. 6B) . Similar results were obtained for the ACT1 and RNA14 genes (data not shown). Thus, deletion of the Spt5 CTR does not result in a termination defect that would be detected by transcriptional readthrough.
Although we did not detect readthrough transcription at tested single genes, it may still occur at other genes. To investigate this, we measured high-resolution ChIP-chip occupancy profiles for the Pol II core subunit Rpb3 in wild-type and mutant yeast cells lacking the CTR. The high correlation between the Pol II profiles (Pearson R ϭ 0.89) and the high level of similarity of the geneaveraged profiles (Fig. 6C) , however, indicated that there is no difference in Pol II occupancy between wild-type and mutant cells. In addition, a difference profile calculated from Rpb3 occupancy in ⌬CTR and wild-type cells did not reveal any clusters of altered occupancy. These results show that transcription readthrough does not occur in the ⌬CTR strain.
CTR deletion does not alter pA site usage. Since mutations of 3= end-processing factors were also shown to result in the usage of alternative pA sites (48), we investigated whether CTR deletion and the resulting reduction in CFI recruitment lead to alternative pA site usage. To detect a possible change in the usage of pA sites in vivo, we used 3=-RACE, which allows the mapping of the 3= ends of transcripts (20) . We performed 3=-RACE for the ACT1 and PMA1 genes, which possess five and two pA sites, respectively (Fig.  6D) (35, 48) . The experiments revealed multiple pA sites for the ACT1 gene, which map to a distinct region at the 3= end of the gene, 1,508 to 1,617 nt from the TSS. We also quantified the usage of the different pA sites by sequencing at least 22 PCR products from both wild-type and Spt5 ⌬CTR clones (see Materials and Methods). For ACT1, these experiments revealed three major pA sites that were used in 75% of the cases and six minor pA sites (Fig.  6D) . However, no significant difference in pA site usage was detected between wild-type and Spt5 ⌬CTR cells (Fig. 6D) . Similar results were obtained for the PMA1 gene (data not shown). Thus, a reduced level of CFI recruitment in Spt5 ⌬CTR cells does not lead to altered pA site usage in vivo.
DISCUSSION
Two major transitions occur during the Pol II transcription cycle, the initiation-elongation transition at the 5= ends of genes and the elongation-termination transition at the 3= ends of genes, which is coupled to 3= RNA processing. Whereas the first transition has been extensively studied (2, 21, 39, 40, 47, 52, 68) , less is known about the second transition. Studies of the second transition revealed a role of the S2-phosphorylated Pol II CTD in the recruitment of 3=-end-processing and termination factors (3, 43, 47, 53, 88) . This transition also involves the Paf1 complex (28, 60, 62) , elongation factor Spt6 (30) , and the transcription regulator Sin1 (25) .
Here we provide evidence for a role of the Spt5 CTR in the elongation-termination transition, in particular in the recruitment of the essential mRNA 3=-end-processing factor CFI. ChIP analysis of wild-type and Spt5 ⌬CTR in yeast cells detected a reduction in the occupancy of Paf1, as described previously (45, 89) , but also of CFI subunits, indicating impaired CFI recruitment to the 3= ends of genes in vivo. A pulldown assay additionally revealed an interaction between CFI subunits and the Spt5 CTR in vitro. This is consistent with a study showing that Rna14 can be copurified with Spt5 (44). RNase-ChIP experiments for CFI subunits Rna14 and Rna15 showed that RNA contributes to CFI recruitment in vivo. Genome-wide profiling by ChIP-chip revealed a sharp peak in Rna14 and Rna15 occupancy around 100 nt downstream of the pA site, which coincides with high occupancy of Spt5 and the S2-phosphorylated Pol II. These results show that the Spt5 CTR contributes to the recruitment of CFI to a defined region at the 3= ends of yeast genes.
There is evidence that recruitment of RNA 3=-end-processing factors also involves the Paf1 complex (Paf1C). Deletion of subunits of Paf1C reduces the recruitment of Pcf11 (60) and interferes with Pol II binding of Cft1 (62), a component of the yeast CPF complex. Since Paf1 occupancy levels are markedly reduced in Spt5 ⌬CTR cells, it may be argued that recruitment of CFI may occur via Paf1C and that the observed reduction in CFI subunit occupancy may result from a loss of Paf1C. However, several lines of evidence argue against this model and instead argue that CFI recruitment occurs via a direct interaction with the CTR. First, Pcf11 occupancy is not altered in Spt5 ⌬CTR cells, despite the loss of Paf1C ( Fig. 2A and C) . Second, despite extensive interactomics studies, physical interactions between Paf1C and CFI have never been observed. Third, Paf1C clearly dissociates from the Pol II elongation complex upstream of the pA site (15, 35, 52) , whereas CFI subunits are mainly recruited downstream of the pA site (Fig.  5) (15, 35, 52 ). These results argue for a Paf1C-independent mechanism of CFI recruitment in yeast.
We further showed that the Spt5 CTR is not required for normal pA site usage and transciption termination in vivo. This is consistent with the nonessential nature of the Spt5 CTR in yeast and may be due to residual CFI recruitment in Spt5 ⌬CTR cells that likely results from binding of the CFI subunits to RNA and from the binding of Pcf11 to the Pol II CTD. Pcf11 contains an essential CTD interaction domain (CID), which directly binds the S2-phosphorylated CTD (43, 53, 73) and may be responsible for normal recruitment of Pcf11 to genes upon CTR deletion. These observations indicate that CFI is recruited to a defined region downstream of the pA site by simultaneous interactions with the Spt5 CTR, nascent RNA, and the Pol II CTD (Fig. 7) . This model is consistent with the reported binding of Rna14 and Rna15 to the phosphorylated CTD (7) and with other published data. Rna15 can be cross-linked to RNA (33) and contains an RNA recognition Ahn et al. (3) are indicated by a box and vertical arrows, respectively. The forward primer (fw) and two reverse primers (1-rev and 2-rev) that were used for Pol II readthrough detection are depicted as horizontal arrows. (B) Agarose gel electrophoresis of the five PCR products as described for panel A for the wild type (wt), Spt5 ⌬CTR cells (⌬CTR), and the rna14-1 temperature-sensitive strain grown at permissive (24°C) and restrictive (37°C) temperatures. The rna14-1 mutant led to a readthrough transcript at 37°C (1.5 kb; black arrow) and served as a positive control. No differences in the lengths of the PCR products could be detected between wild-type and Spt5 ⌬CTR cells. The unspecific PCR product also obtained with the second reverse primer (2-rev) is marked by an asterisk. The heights of the marker lanes in base pairs (bp) are shown on lane 1. (C) Gene-averaged occupancy profiles as in Fig. 5 but for the medium-genelength class (1,238 Ϯ 300 nt, 339 genes; see Materials and Methods) of Pol II (Rpb3) in wild-type and Spt5 ⌬CTR cells. (D) The nucleotide sequence of the 3= region of yeast ACT1 is shown. Key sequence elements are labeled. 3=-RACE revealed three major RNA cleavage and pA sites (red-filled boxes), site 1 (1,506 nt downstream of start codon ATG; seven and three sequenced clones for the wild-type and Spt5 ⌬CTR mutant, respectively), site 2 (1,534 nt downstream of start codon ATG; four and nine sequenced clones, respectively), and site 3 (1,538 nt downstream of start codon ATG; six and five sequenced clones, respectively), and three minor pA sites (red frames), site 1 (1,509 nt downstream of the start codon ATG; one and two sequenced clones for the wild type and Spt5 ⌬CTR mutant, respectively) and sites 2 and 3 (1,551 and 1,568 nt downstream of the start codon ATG; two and one sequenced clones, respectively) that were used equally in wild-type and Spt5 ⌬CTR cells. Additionally, 3=-RACE led to the mapping of three rare pA sites that were used exclusively in Spt5 ⌬CTR cells (yellow boxes; one sequenced clone for each site). For further details, see Materials and Methods. motif (RRM) domain that binds GU-rich RNA (41, 63) . Hrp1 has two RRMs that bind to AU-containing RNAs (67) .
Finally, our results have implications for understanding the evolution of transcription-coupled events. Spt5 represents the only known RNA polymerase-associated factor that is conserved in all three domains of life (85) ; its bacterial homolog is called NusG (24) . All Spt5 homologs contain two conserved domains, the NusG N-terminal domain (NGN) and a C-terminal KOW domain (26) . Whereas the NGN domain binds to the polymerase clamp domain and closes the active center cleft, apparently to render transcription processive, the KOW domain extends from the polymerase surface toward exiting RNA (36, 51, 59) (Fig. 7) . In bacteria, the KOW domain interacts with the ribosome, thus coupling transcription to mRNA translation (11, 70) . In eukaryotes, transcription and translation take place in different cellular compartments, and any coupling between these processes would likely occur via the mRNA that exits the nucleus (27, 50) . Our data indicate that the CTR of Spt5 contributes to the coordination of transcription with 3= RNA processing, which in turn is coupled to mRNA export (29, 46, 72) . Since the CTR occurs only in eukaryotic Spt5 homologs, it is likely that it emerged during evolution to maintain coupling between transcription and translation after the spatial separation of these processes. Such coupling may be achieved by cotranscriptional Spt5-dependent loading of mRNA export factors onto the nascent RNA, before its maturation, nuclear export, and translation in the cytosol.
